This study provides theoretical basis for the dynamic control of a hazard-inducing environment in engineering and minimizing or altering disaster-occurrence conditions during the construction engineering of the coal seam floor.
Introduction
In underground coal mining, particularly those high-strength caving mechanized longwall panels in deep coal mine, strong ground-pressure behavior will develop in the coal seam floor.
Studying the development of ground-pressure behavior in the coal seam floor is an important theoretical basis for impact prevention of rock burst, coordinated mining of high gas coal seam group, surrounding rock control in roadway influenced by overhead mining, and coal mining above confined aquifers during the construction engineering of the coal seam floor. In 1966, Cook et al. (1966) established the calculation method of energy release rate during excavation of deep rock mass.
Subsequently, Walsh et al. (1977) systematically and comprehensively analyzed variation of the surrounding rocks during deep rock excavation and described the secondary equilibrium process of the surrounding rock energy caused by excavation unloading. Hoek et al. (1997) discovered that fracture characteristics of rock mass were related to the stress state, which was manifested as brittle failure under low-stress state, but will also show brittle or ductile failure under high-stress state. Aubertin et al. (2000) believed that rock mass will represent shrinking, dilatancy, and even tensile fractures under excavation unloading conditions. Li (1999) divided the coal seam floor into the fracture, protection, and confined water intrusion zones. Wang and Liu (1994) proposed "zero damage" and "in-situ tension crack." Yuan (2006) deemed that heave fissure and heave deformation zones on the underlying rock strata after the protective coal seam was mined were observed. Qian et al. (1995) proposed the critical layer in the floor and believed that fracture of this critical layer is determined by the structural morphology after rock mass fracture in the stope floor. Jiang et al. (1999) gained the stress distribution of the stope floor by using the finite element method and acquired activity characteristics of the rock strata in the stope floor during mining activities. Wang et al. (2002) pointed out that rock stratum failure in the stope floor occurs in the goaf. They reported that tensile failure is the major failure mode and the maximum failure depth at floor is determined by macroscopic mining technological parameters and geological conditions. Wang With considerations to specific in-situ engineering problems, previous studies focused on fracture depth of stope floor rock strata or mining-induced stress field. The maximum fracture depth and mining-induced stress field distribution characteristics of stope floor rock strata after coal seam recovery were disclosed. In fact, the development of mining pressure in the stope surrounding rocks is controlled by the existence of three-dimensional (3D) stress field and effects brought by its changes (Xie et al. 2013; Li 2015) . Therefore, dynamic evolution of the 3D mining-induced stress field is the basis to study the activity of the stope floor. Key attentions shall be paid to 3D spatial features of mining-induced stress field, failure zone and displacement field in the stope floor as well as their variation over time, and internal correlations. In this study, these 3D spatial characteristics were discussed systematically with a comprehensive research method.
Geological background and research program of the engineering

Geological and mining conditions
The fully mechanized mining method was utilized in the 66207 panel in Xinzhuangzi Coal
Mine in Huainan, China. The mining height was 2. 
Numerical simulation
The 3D calculation model of 66207 panel was established through the numerical simulation software FLAC3D, which is shown in Material consumptions in different layers were calculated by as follows:
where G is the total weight of layered material in the model, b is the model width, l is the model length, h is the thickness of simulated layers, and p  is the volume weight of simulated strata.
(6) Loading mode of the overlying rocks.
Limited by the actual size of the similarity simulation table, simulating from the panel to the surface was impossible. The weight of the overlying rocks which was not simulated in the model has to be replaced through loading. The gravity compensation load which had to be applied in the model was as follows:
where p  is the average volume weight of the overlying strata, which was determined using 2500 kg/m 3 as the mean; H is the thickness of the rock strata from the surface to the coal seam roof, which is equal to the buried depth of the coal seam (570 m); and m H is the thickness of the rock strata above the immediate roof, which is 91.32 m in this study.
Considering the cross-section area of the simulation table, the load which has to be applied by the lever loading system above the model is G = 7.166 × 4.2 × 0.25 = 7.52 (tons).
Field measurement
Field observation sites were set in the tailentry of the 66207 panel, the underlying transportation cross-cut of No. 1 coal, and the roadway in the coal seam floor of 66206 panel (Fig. 2) . Two observation stations were set (Fig. 3) . Specifically, the observation station A was set in the tail entry of the 66207 panel, where four stress meters (KSE-II-1) were installed at the interval of 2 m and 2 multipoint convergence meters (KDW-1). The 4# stress meter at 2 m in front of the multipoint convergence meter was a bedding hole (depth = 9 m), and the stress meter at the observation station 7 The thickness of the stope floor rock strata was far smaller than the dip length and advancing distance of the panel. Therefore, the stope floor rock strata can be viewed as the sheet surrounded by non-mined coal bodies in the stope (Sun et al. 2014 ). The movable abutment pressure in front of the coal face is higher than the lateral fixed abutment pressure of the coal seam. After the deep coal seam exploitation, the floor rock strata in a certain range in front of the coal face have developed plastic failure in advance. The existence of this plastic zone interrupted the connection between the stope floor and stress zone of primary rocks. Therefore, the deep stope floor rock strata can be viewed simply as a supporting rectangular plate under the collaborative effect of uniformly distributed horizontal and uniformly distributed in-plane forces. Let the advancing distance of the working face be a and the dip length be b. The horizontal squeezing stress is Px and the tensile stress produced by vertical resilience is q0 (Fig. 4 ). 
Mechanical mechanism of plastic buckling failure of the stope floor
The Navier solution method of horizontal load under the effect of q0 was applied. The twofold trigonometric series of deflection w and uniformly distributed horizontal load are as follows:
where
Combining Equation (6) into Equation (5) and substituting the solved Equations (5) and (4) into Equation (3) enables the coefficient Amn at the solving point (w) to be solved. 
where m and n are half-wave numbers at the bending of the sheet, D is the extensional rigidity of the sheet, ) 1 ( 12
, E is the elasticity modulus, and  is the Poisson's ratio of stope floor strata.
The number of terms in the composite trigonometric function is m = n = 1. The minimum critical yield load can be calculated as follows:
The minimum critical yield load x P is related to the flexural rigidity and thickness of the rock strata as well as the advancing distance of the panel. 
Mechanical mechanism of floor heave caused by slippage and diastrophism
9
The stope floor resisted high stress around the stope surrounding rocks through strains, when the strain energy which is accumulated in strata exceeds the ultimate strain energy, stratum fracture at the cost of high elastic energy, and gravitational potential energy. After buckling the fracture of stope floor rock strata, high stress gradually migrates to deep positions, further resulting in successive top-down buckling failures of the rock strata. The fracture faces expand, connect, and concentrate which form abundant macroscopic failure surfaces. Facing with high horizontal squeezing stress and vertical resilience, the ruptured rock strata slid along the fracture surface and generate heaves (Fig. 5) .
The external load which is caused by rock stratum movement of the stope floor was inadequate to cause buckling failure.
The gravity of the overlying strata was transmitted to non-mined rock mass surrounding the panel through the stress shell after the coal seam is mined, which caused stress concentration on the coal face ( (Fig. 9(c) ). The bed separation in the overlying strata further intensified, and the height of the fissure zone stabilized at 34 m ( Fig. 9(d) ) despite the increase of the coal face due to mining operation. During compaction of the roof caving layer in the goaf, the floor fracture did not expand anymore. The main roof in the low-stress zone under the protection of the overlying stress shell gradually fractured.
Falling rocks in the immediate roof gradually reached the inner arc roof, thus making activities of floor rock strata increasingly stable. The maximum displacement of the immediate floor is stabilized at 35 cm.
Results of similar materials are consistent with numerical calculation. On the basis of the results of similar materials (Fig. 14) , the initial equilibrium of the primary rock stress was gradually destroyed, and the stress field regulated continuously to reach a new equilibrium with the panel advancing. This phenomenon was manifested by regular movement of the rock strata below the goaf. Measuring points below the goaf moved upward to different extents in comparison with the horizontal measuring line, which generated heaves. These heaves were arc in shape with downward opening. The largest heave was in the center of the goaf and the largest heaving volume was 27.6 cm. Moreover, the floor rock strata in front of the coal wall developed compressive deformation. effect. For strata in the protective range of the stress shell in the stope floor, the concentration degree of horizontal and shearing stress was lower than that in the adjacent zone, which was the stress reduction zone, and the expanding stress to the stope is the principal stress. In deep positions, it is manifested as the tensile-shearing composite failure. The morphology of the failure zone was parallel strata, accompanied with shearing fissures with high shearing stress that run through the inclined goaf of the coal face (Fig.   16 ). The fracture zone extended outside of the coal face.
Coal wall Goaf 
Conclusions
The "mining-induced stress" that forces the surrounding rocks to move toward the mined space is the main cause of critical disasters, including floor water inrush coal and gas and rock burst. Many redistribution forms (e.g., vertical, horizontal, shear, maximum principal, minimum principal, and deviatoric stress) of 3D stress field caused by unloaded disturbance of the surrounding rocks exist.
Mechanical behaviors such as deformation and failure of stope floor rock strata are the consequences of the collaborative effect of multiple mechanical parameters. Studying the mechanical efficiency induced by the surrounding rock unloading in deep stope floor may disclose the space-time inoculation mechanism of mining-induced stress field that weakens structural damages of coal rock mass and recognize sensitivity of mechanical parameters to structural damage degree of the surrounding rock. The main factors that influence the mechanical behaviors of strata in the stope floor are proposed in this work.
The internal evolution laws of fracture of deep rock mass and mining-induced stress field are analyzed.
Results provide theoretical bases for realizing the dynamic control of a disaster-causing environment and for reducing or changing disaster-inducing conditions. The mechanical mechanism of failure of the unloaded coal seam floor is further discussed systematically by combining laboratory experiment, field test, and numerical simulation. Several major conclusions are drawn.
(1) The coal seam floor in deep coal mine is viewed simply as a supported rectangular plate under the collaborative effect of uniformly distributed horizontal and uniformly distributed in-plane forces. In addition, the minimum critical yield load is acquired. The mechanical mechanism of plastic buckling failure of the stope floor and the heaving mechanism are revealed. The development law of mining pressure in strata is controlled by the objective existence of stress shell and effects induced by its space-time evolution. The maximum displacement and failure zones in the rock strata of the stope floor are in the low-stress zone on the boundaries of the stress shell.
